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[Fe]-hydrogenase is one of three types of enzymes known to activate H2. Crystal structure analysis
recently revealed that its active site iron is ligated square-pyramidally by Cys176-sulfur, two CO,
an ‘‘unknown” ligand and the sp2-hybridized nitrogen of a unique iron–guanylylpyridinol-cofactor.
We report here on the structure of the C176A mutated enzyme crystallized in the presence of dithi-
othreitol (DTT). It suggests an iron center octahedrally coordinated by one DTT-sulfur and one DTT-
oxygen, two CO, the 2-pyridinol’s nitrogen and the 2-pyridinol’s 6-formylmethyl group in an acyl-
iron ligation. This result led to a re-interpretation of the iron ligation in the wild-type.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The reversible oxidation of molecular hydrogen, which serves
many microorganisms as electron supplier or electron sink in their
energy metabolism, is catalyzed by hydrogenases fromwhich three
basic types have been discovered [1]. [NiFe]- and [FeFe]-hydroge-
nases use a binuclear [NiFe] and [FeFe] center for H2 activation,
respectively, and several Fe/S clusters for electron delivery
(H2 2H+ + 2e) [2]. [Fe]-hydrogenase contains a mononuclear
iron center that somehow facilitates the generation of a hydride
(H2 H+ + H) to be abstracted by methenyl-tetrahydrometha-
nopterin (methenyl-H4MPT+) [3]. Despite their different protein
architectures and not being phylogenetically related the active
sites reveal amazing similarities as result of a convergent evolu-chemical Societies. Published by E
ydromethanopterin; methy-
eGP, iron–guanylylpyridinol;
IR, attenuated total reﬂection
; GP, guanylylpyridinol
Ermler), +49 6421 178109 (S.
S. Shima), ulermler@mpibp-tionary process presumably provoked by special chemical require-
ments for H2 activation [1,4,5]. In all three types the iron (in [FeFe]-
hydrogenase the iron proximal to the 4Fe–4S cluster) is redox-
inactive, low-spin, presumably present in the oxidation state II,
and ligated by at least one sulfur and three unusual p-accepting li-
gands such as CO, cyanide and/or a pyridinol that are arranged
similarly in a square-pyramidal or octahedral geometry [1]. How-
ever, why these ligands and this arrangement are applied for the
heterolytic cleavage of H2 is not well understood. Large efforts
are undertaken to elucidate the catalytic mechanism because H2/
H+ interconversion is considered as one of the major reactions in
future energy storage/transformation processes [3].
[Fe]-hydrogenase catalyzes a reaction involved in many metha-
nogenic archaea in CO2 reduction to methane by reducing methe-
nyl-H4MPT+ to methylene-H4MPT at the expense of H2 [3]. The
enzyme consists of a homodimer of 38 kDa per monomer built
up of the C-terminal segments of both subunits forming a central
helical unit and of two peripheral N-terminal domain units adopt-
ing a Rossmann-like fold [6] (Fig. 1A). Each of the latter domains
binds at the C-terminal end of their parallel b-sheet a unique
iron–guanylylpyridinol (FeGP)-cofactor whose catalytically com-
petent iron complex points into the reaction site located inside alsevier B.V. All rights reserved.
Fig. 1. Iron-ligation structure of wild-type [Fe]-hydrogenase and of its iron-guanylylpyridinol-cofactor as proposed previously [1]. (A) Ribbon diagram shows that the dimeric
enzyme is composed of one central (orange) and two peripheral (blue) units. The two active sites are located within the two clefts between these units. (B) Structure of the
FeGP-cofactor when it covalently binds to the enzyme via Cys176 as published [1]. (C) Schematic representation of the iron square-pyramidally ligated to the Cys176-sulfur,
an ‘‘unknown” ligand, two CO and the pyridinol’s sp2-hybridized nitrogen. A solvent is associated to the iron trans to the pyridinol’s nitrogen. Bond length was derived from
the X-ray crystallographic data [1].
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interpretation of IR, Mössbauer, extended X-ray absorption ﬁne
structure (EXAFS) and X-ray crystallographic data from the holoen-
zyme (apoenzyme reconstituted with FeGP-cofactor) the iron com-
plex consists of a low-spin iron square-pyramidally ligated by
Cys176-sulfur of the polypeptide chain, two CO, an ‘‘unknown” li-
gand and the sp2-hybridized nitrogen of the cofactor’s pyridinol
nitrogen [1,7–11]. The sixth position appears to be occupied by a
hydrogen-bonded solvent molecule, however, too distant to be a
direct ligand (Fig. 1B and C).
We report here on the crystal structure at 1.95 Å resolution of
the holoenzyme of [Fe]-hydrogenase from Methanocaldococcus
jannaschii in which the active site Cys176 was mutated to an ala-
nine. It revealed that the Cys176 sulfur and the ‘‘unknown” ligands
of the iron complex of the wild-type enzyme are replaced in the
C176A enzyme by the dithiothreitol (DTT) present in the crystalli-
zation solution. The obtained electron density prompted us to re-
interpret the iron ligation structure recently published for the
wild-type enzyme [1]. A better ﬁt was obtained when the 2-pyrid-
inol moiety contributes two rather than one ligands to the iron, thesp2-hybridized nitrogen and the 6-formylmethyl group, the latter
in an acyl-iron ligation. The modiﬁed iron-ligation pattern in the
C176A mutated enzyme is compatible with the previously ob-
tained IR and EXAFS data of the mutated and wild-type enzymes.
2. Materials and methods
2.1. C176A holoenzyme preparation, crystallization and X-ray
structure determination
The C176A mutant from M. jannaschii was prepared as de-
scribed previously [7]. The apoenzyme was overproduced in Esch-
erichia coli BL21(DE3) cells, puriﬁed and reconstituted with FeGP-
cofactor [12]. The resulting catalytically inactive holoenzyme was
crystallized and diffraction data were collected at the Swiss Light
Source beamline PXII (Villigen). The data were processed and
scaled with the programs HKL [13] and XDS [14] (Table 1). The ob-
tained isomorphous crystals allowed a straightforward structure
determination using the wild-type enzyme model solved previ-
ously [1]. Model reﬁnement was performed with REFMAC5 [15]
Table 1
Data collection and reﬁnement statistics.
Data set [Fe]-hydrogenase
C176A
[Fe]-hydrogenase
wild-type
A. Data collection
Wavelength (Å) 0.992 0.992
Space group I4122 I4122
Unit cell parameter
a, c (Å) 96.4, 166.6 95.9, 165.8
Resolution range (Å) (highest
shell)
41.7–1.95 (2.0–
1.95)
26.2–1.75 (1.80–1.75)
Redundancy 7.9 (7.7) 5.2 (3.6)
Completeness (%) 96.9 (95.8) 95.5 (81.6)
Rmerge (%) 6.4 (70.1) 5.6 (50.8)
I/r(I) 17.2 (4.2) 16.0 (2.6)
B. Reﬁnement
Resolution limit (Å) 40.0–1.95 25.0–1.75
Rwork/Rfree (%) 16.5/20.5 17.3/20.5
Number of Residues 345 344
Number of solvent molecules 169 238
Rmsd bond lengths (Å) 0.016 0.016
Rmsd bond angles () 1.6 1.6
Cruickshank’s DPI (Å) 0.13 0.10
Average B (Å2) protein/FeGP/
solvent, DTT
37.5/28.2/46.4, 40.2 32.8/26.7/43.2
T. Hiromoto et al. / FEBS Letters 583 (2009) 585–590 587and model building/manual inspections with COOT [16]. The Rwork
and Rfree factor converged to 16.5% and 20.5% in the resolution
range 1.95–40.0 Å (Table 1). Figs. 1A–3A are produced by PYMOL
(DeLano Scientiﬁc). The coordinates of the C176A mutated enzyme
model and the re-reﬁned wild-type enzyme model were deposited
at the RCSD Protein Data Bank under the PDB accession codes 3F46
and 3F47.
2.2. Infrared spectroscopy
Attenuated total reﬂection infrared (ATR-IR) spectroscopy was
performed using Bruker VERTEX 70 IR spectrometer with Liquid
nitrogen cooling system for the MCT detector equipped with Sili-Fig. 2. Iron-ligation structure of C176A mutated [Fe]-hydrogenase. (A) Fo–Fc omit electr
Schematic representation of the iron octahedrally ligated to a dithiothreitol (DTT)-sulfur,
length was derived from the EXAFS data (see Table 2).cone Prism (DuraSampleIRTM, SENSIR TECHNOLOGIES) under red
light. Five microliters of the C176A and wild holoenzyme (20 mg/
ml) was dried on the window of the prism under an argon stream
at 20 C. During drying IR spectra were continuously recorded
thereby averaging 1280 scans for each spectrum. The enzyme
recovered from the crystallization drops were analyzed in the same
manner.
2.3. X-ray absorption data re-analysis
The extracted iron K-edge (mutants: 25–680 eV; wild-type: 25–
800 eV) EXAFS data were converted to photoelectron wave vector
k-space and weighted by k3. The spectra were reﬁned with EX-
CURV98 [17]. The program calculated the theoretical EXAFS for de-
ﬁned structural model. In addition to single scattering
contributions, multiple scattering linear units were deﬁned for
Fe–C@O. The potential acyl group in the vicinity of the iron has
been modelled by a single carbon ion, because its other atoms do
not contribute to multiple scattering by a linear orientation to-
wards the iron and therefore they are not identiﬁable in the EXAFS.
Parameters of each structural model, namely the atomic distances
(R), the Debye–Waller factors (2r2), and a residual shift of the en-
ergy origin, were optimized, minimizing the ﬁt index.3. Results
3.1. Iron-coordination in the C176A holoenzyme
The overall structure of the C176A enzyme is highly similar to
the wild-type enzyme, reﬂected in the root-mean-square (r.m.s.)
deviation of 0.2 Å using 344 Ca atoms. Signiﬁcant differences were
exclusively found around the mutated residue and the FeGP-cofac-
tor whose occupancy is nearly 100%.
The structure of the iron complex is primarily characterized by
the ligation of DTT (present in the crystallization solution) in a
bidentate manner (Fig. 2). The eliminated iron-coordinatingon density map around the iron complex contoured at the 3.0r level (in blue). (B)
a DTT-oxygen, two CO and the pyridinol’s nitrogen and pyridinol’s acyl carbon. Bond
Fig. 3. Re-interpreted iron-ligation structure of wild-type [Fe]-hydrogenase (A) Fo–Fc omit electron density map around the iron complex contoured at the 2.8r level (in
blue), shown in the same orientation as in Fig. 2A. (B) Schematic representation of the iron octahedrally surrounded by the pyridinol’s nitrogen, the pyridinol’s formylmethyl-
acyl carbon, one CO, and the Cys176 sulfur ligands as well as by the ‘‘unknown” and ‘‘solvent” binding sites. According to the current data the second COmore likely sits at the
‘‘solvent” binding site (see Sections 3.2. and 4). Bond length was derived from the EXAFS data (see Table 2).
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group also ligates to the iron from that site which was occupied in
the wild-type enzyme by the ‘‘unknown” ligand (Fig. 1) [1]. The en-
tire molecule of DTT is clearly visible in the electron density and its
temperature factor is only moderately higher than that of the poly-
peptide (Table 1). The 3-hydroxyl group of DTT is anchored to the
protein matrix via a hydrogen bond to the hydroxyl group of Thr13
and the 4-thiol group of DTT interacts with hydrophobic regions of
the surrounding residues.
The binding of DTT to the iron creates a serious problem in that
the 2-hydroxyl group of DTT severely interferes with the 6-car-
boxymethyl substituent of the pyridinol ring if assumed to be in
the conformation of the wild-type enzyme (Fig. 1B) [1]. This
prompted us to rotate the pyridinol ring of FeGP-cofactor by
180 compared to the orientation reported for the wild-type en-
zyme. The shape of the electron density in the rotated conforma-
tion, however, did not allow the incorporation of a carboxylate
group with an oxygen as the iron ligand but it did allow the mod-
eling of an acyl group with an iron-ligating carbon. In this arrange-
ment the acyl oxygen is linked to the polypeptide chain by a
hydrogen bond with the amide group of Ala176. In the rotated con-
formation the pyridinol’s hydroxyl group points towards the cleft
between the central and peripheral unit. The hydroxyl group ﬁts
well into the electron density and interacts with the imidazole
group of His14 and the 2- and 3-hydroxyl group of DTT.
While one of the intrinsic CO-binding sites corresponds to that
reported for the wild-type enzyme the second CO-binding site now
appears to be positioned trans to the pyridinol’s nitrogen in the
C176A enzyme (Fig. 2A). ATR-IR measurements before and after
crystallization of the C176A enzyme veriﬁed the existence of the
two CO ligands in an angle of 90 as previously found in the
wild-type (Supplementary Fig. S1).
Based on the presented X-ray structure a re-analysis of the
C176A holoenzyme’s EXAFS data was performed (Table 2 and Sup-
plementary Table). The EXAFS spectra are dominated by sulfur and
CO contributions (Supplementary Fig. S2) but additional backscat-tering from similar light atoms could be identiﬁed already in the
previous study [7]. However, EXAFS data analysis is hampered by
the destructive interference of similar ligands at slightly different
distances yielding to an underestimation of their occupancy. This
effect is well established for metal–metal contributions [18,19].
Accordingly, the best ﬁt between experimental and simulated data
was previously obtained when the light atoms in the C176A mu-
tant were assigned to two O/N atoms. The presence of a carbon
as iron ligand is atypical and had not been considered in former
models. The application of the new iron-ligation structure contain-
ing three light atoms (N and acyl C from pyridinol, O from DTT) im-
proves the ﬁt index and yields typical bond lengths [20–23]. A
minor improvement is possible if the occupancy of one CO ligand
of the C176S and C176A enzymes is lowered by 0.25 or 0.5, respec-
tively. The slightly better reﬁnement value points towards a labile
ligand. Thus the re-analysis of EXAFS data from C176 mutants sup-
ports the presence of the coordinating acyl group in solution. Its
identiﬁcation in a standard ab-initio data analysis would require
a data range up to 2000 eV above the edge, which is almost
impossible to achieve for metalloproteins.
3.2. Re-interpretation of iron-coordination in the wild-type
holoenzyme
Taking into account the unprecedented iron-ligation pattern in
the C176A enzyme the structure of the wild-type enzyme was re-
reﬁned. And indeed, the resulting electron density also ﬁts better
to the reversed orientation of the pyridinol ring and to an acyl-iron
ligation (Fig. 3). A re-inspection of further [Fe]-hydrogenase struc-
tures (the cyanide or CO inhibited enzyme) based on different dif-
fraction data also argue for the postulated acyl-iron coordination
(data not shown). While the interactions between the protein
and the acyl group are identical in the C176A- and wild-type en-
zymes, the pyridinol’s hydroxyl group of the wild-type enzyme is
not hydrogen-bonded to His14 but to a solvent molecule that is an-
chored to the protein matrix via Thr13.
Table 2
Structural parameters extracted from the EXAFS reﬁnement for wild-type [Fe]-
hydrogenase, and C176A and C176S mutated enzymes. For alternative models
compared to the data see Supplementary table. The numbers (n) of ligand atoms (L) to
the iron, their distance to the iron (R), the respective Debye-Waller factor (2r2), the
C–O or C–N bond length (RCX), the Fermi energy for all shells (EF), and the ﬁt index
(U), indicating the quality of the ﬁt are shown.
n Fe L R (Å) 2r2 (Å2) RCO (Å) EF (eV) U x103
Wild-type enzyme
2 Fe Ca 1.769(5) 0.0050(7) 1.170(8) 10.6(5) 0.1664
1 Fe Cb 1.88(1) 0.0020(1)
1 Fe O 2.052(9) 0.014(2)
1 Fe N 2.052(9) 0.014(2)
1 Fe S 2.335(4) 0.0064(7)
2 Fe Oc 2.939(3) 0.0025(4)
Mutated enzymes
C176A
1.5 Fe Ca 1.76(1) 0.010(3) 1.16(2) 12(1) 0.2758
1 Fe Cb 1.87(7) 0.0038(3)
1 Fe O 2.01(1) 0.005(1)
1 Fe N 2.01(1) 0.005(1)
1 Fe S 2.303(7) 0.005(1)
1.5 Fe Oc 2.922(7) 0.004(1)
C176S
1.75 Fe Ca 1.75(1) 0.017(8) 1.16(2) 10.4(8) 0.3685
1 Fe Cb 1.83(2) 0.0029(2)
1 Fe O 1.997(8) 0.005(1)
1 Fe N 1.997(8) 0.005(1)
1 Fe S 2.295(7) 0.0048(9)
1.75 Fe Oc 2.91(1) 0.003(2)
a Carbon of CO.
b Carbon of acyl group.
c Oxygen of CO.
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the lack of imagination concerning the possibility of an acyl group
as iron ligand and on the subsequent conclusion that the orientation
of a negatively charged carboxylate group towards the rather unpo-
lar protein interior is unlikely. Moreover, the hydroxyl group of the
pyridinol ring in van derWaals contact to the iron-ligating CO group
is almost isoelectronically and structurally identical to a formylm-
ethyl substituent resulting in a related electron density. In the
wild-type holoenzyme there is a second conformation of the
Cys176-sulfur unanchored to the FeGP- cofactor suggesting re-
duced occupancy of its iron that complicates ligand modelling.
On the basis of EXAFS data the acyl coordination can only be
identiﬁed when the slight differences in backscattering for the
three light elements (C, N, and O) are considered (see above). These
ligands are typically indistinguishable by this method. Based on
the new coordination model an improved reﬁnement was also pos-
sible for the wild-type enzyme (Table 2 and Supplementary Table),
yielding a coordination by 5 or 6 ligands instead of 4–5 ligands as
in our previous models [1,7]. Both, the incorporation of the nitro-
gen ligand of the cofactor identiﬁed before and the carbon from
the acyl group improved the ﬁt index. However, the presence of
the oxygen ligand (perhaps from a solvent) cannot be judged on
the basis of these data. The reﬁnements of wild-type and mutant
enzymes are of similar quality although the energy range for the
wild-type enzyme is longer than for the mutant samples (Table
2). Thus in solution the iron in wild-type enzyme is coordinated
by two CO, the sulfur from C176, the nitrogen and the acyl-carbon
of the cofactor, and potentially an easily removable oxygen ligand
from the solvent.
4. Discussion
In the new model the pyridinol moiety contributes two ligands
to the iron, the sp2-hybridized nitrogen and the 6-formylmethyl
group in an acyl-iron ligation (Fig. 3). This bidentate iron-ligationmay better explain the stability of the protein free FeGP-cofactor
in 10 mM EDTA at pH 8 [12].
The proposed acyl group as iron ligand, although not extracted
from previous IR, EXAFS and even X-ray crystallographic data, is
not in contradiction to them but has still to be unambiguously con-
ﬁrmed in future studies. The existence of the acyl group is consis-
tent with the results of the NMR andmass spectroscopic analysis of
the guanylylpyridinol (GP) part, which was derived from the light
sensitive FeGP–cofactor. Upon light inactivation, the proposed
acyl-iron bond in FeGP-cofactor could be converted into the 6-car-
boxymethyl group of GP by hydrolysis [10]. Alternatively, photoly-
sis of iron carbonyl complexes containing an acyl-iron bond has
been shown to be associated with a decarbonylation of the acyl
group [24]. In this respect it is of interest that the enzyme bound
FeGP-cofactor decomposes under acid condition (5% HClO4) at
60 C into a GP, an iron and 2.4 ± 0.2 CO per one iron [8]. An acyl
carbon–iron bond is also compatible with IR spectroscopic data
as the FeGP-cofactor in the active enzyme shows CO stretching fre-
quencies at 2011 cm1 and 1944 cm1 in water [8] and at
1996 cm1 and 1928 cm1 in the dried state (Supplementary
Fig. S1). These CO stretching frequencies are similar to those from
(g5-cyclopentadienyl)dicarbonylacyliron complexes in organic sol-
vents or in the dried state [24,25]. Apparently, the electronic state
of iron in both complexes is related arguing for an acyl-iron liga-
tion in the FeGP cofactor of [Fe]-hydrogenase. Therefore, from
now on acyl-iron complexes should be included in the list of pos-
sible biomimetic compounds for [Fe]-hydrogenase. Interestingly,
an acyl group as metal ligand (to nickel) in an enzyme has so far
only been reported for the acetyl-CoA synthase/decarbonylase
reaction as possible intermediate in the formation of acetyl-CoA
from CO and a methyl group [26,27].
The positions of the Cys176-sulfur and of the intrinsic CO ar-
ranged trans to the Cys176-sulfur are not changed by the re-inter-
pretation. This leaves the positions of the ‘‘unknown” ligand and
of the ‘‘solvent” in the previous wild-type enzyme model (Fig. 1C)
as possible binding sites for the second intrinsic CO (Fig. 3). While
the C176A structure favors the ‘‘solvent” binding site for the second
intrinsic CO its position in the wild-type enzyme cannot be identi-
ﬁed on a structural basis. The electron density at the ‘‘solvent” bind-
ing site, although compatible with a (partially bound) intrinsic CO is
not clearly connected to that of the iron and the weaker electron
density of the ‘‘unknown” binding site is not sufﬁciently shaped.
A deﬁnitive assignment of the second intrinsic CO-binding site
is difﬁcult since the C176A enzyme structure is not active and that
both of the mutant and the wild-type structure might be modiﬁed
during the structure determination process especially at the sol-
vent-exposed ‘‘unknown” ligand and ‘‘solvent” binding sites be-
cause of the instability of the FeGP-cofactor.Acknowledgements
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